The thermal conductivity of individual bismuth nanowires was characterized using a suspended microdevice and correlated with the crystal structure and growth direction obtained by transmission electron microscopy on the same nanowires. Compared to bulk bismuth in the same crystal direction perpendicular to the trigonal axis, the thermal conductivity of a single-crystal bismuth nanowire of 232 nm diameter was found to be three to six times smaller than bulk in the temperature range between 100 and 300 K, and those of polycrystalline bismuth nanowires of 74-255 nm diameter are reduced by factors of 18-78 over the same temperature range. The thermal conductivity suppression in the single-crystal nanowire can be explained by a transport model that considers diffuse phonon-surface scattering, partially diffuse surface scattering of electrons and holes, and scattering of phonons and charge carriers by ionized impurities such as oxygen and carbon of a concentration on the order of 10 19 cm −3 . The comparable thermal conductivity values measured for polycrystalline nanowires of different diameters suggests a grain boundary scattering mean free path for all heat carriers in the range of 15-40 nm, which is smaller than the nanowire diameters.
I. INTRODUCTION
Bismuth ͑Bi͒ has long been a material of interest to scientists and engineers for its highly anisotropic transport properties, 1 long carrier mean free paths, 2 small effective mass and long electron wavelength, [3] [4] [5] and semimetal band structure. [1] [2] [3] [4] [5] In particular, Bi-based alloys have been extensively investigated for use in thermoelectric applications. The figure of merit ͑ZT͒ for a thermoelectric material is given by
where S is the Seebeck coefficient, is the electrical conductivity, is the thermal conductivity, and T is the absolute temperature. 6 The thermal conductivity is comprised of contributions from phonons ͑ ph ͒, electrons ͑ e ͒, holes ͑ h ͒, and bipolar diffusion ͑ eh ͒ such that = ph + e + h + eh . The three transport properties, S, , and , are interdependent, making it challenging to increase ZT. Most bulk thermoelectric materials in use today have a peak ZT comparable to or less than unity and operate in a specific temperature range. For applications in the near-ambient temperature range, Bi 2 Te 3 alloys are the most commonly used materials with a typical ZT value of around 0.9-1.0 near room temperature. 6 For a thermoelectric refrigerator to have a coefficient of performance that is competitive with vapor compression units, a ZT of 3 or greater is required. 7 This requirement has driven the investigation of new approaches including nanostructures to increasing ZT. [8] [9] [10] Despite having the lowest thermal conductivity of all metals except mercury, pure Bi in its bulk form is not considered a good thermoelectric material due to its semimetal band structure. 5, 11, 12 The small band overlap found in bulk Bi results in nearly equal concentrations of electrons and holes, causing the electron and hole contributions to the Seebeck coefficient to cancel each other. 1, 5, 11, 12 As noted by Gallo et al., 1 the optimum thermoelectric efficiency for bulk Bi would be realized when one type of carrier dominates the transport such as would occur with an appropriate amount of doping with antimony or tellurium. This would increase the Seebeck coefficient and suppress the bipolar contribution to the thermal conductivity, thereby increasing ZT. 1 Interest in Bi as a thermoelectric material was renewed when theoretical investigations of size effects on the transport properties of Bi and Bi-based nanostructures predicted an enhancement in ZT for one-dimensional systems such as nanowires ͑NWs͒. 4, 5, 8, 13 It was suggested that the thermoelectric power factor ͑S 2 ͒ could be enhanced because of the highly asymmetric electron density of states in a Bi NW when the diameter becomes comparable to or smaller than the long ͑ϳ50 nm͒ de Broglie wavelength of electrons.
14 In addition, the conduction/valence band overlap found in bulk Bi is inversely proportional to the square of the NW diameter such that a semimetal to semiconductor transition could occur in a Bi NW, 5 making it possible to break the electronhole symmetry so as to increase the Seebeck coefficient.
Besides the quantum confinement effects, the thermoelectric properties of a NW are also influenced by classical size effects characterized by increased boundary scattering of charge and heat carriers. Bismuth is known for having unusually long charge carrier mean free paths of up to ϳ400 m for electrons and ϳ200 m for holes at 4.2 K and ϳ100 nm for electrons and holes at room a͒ Author to whom correspondence should be addressed. Electronic mail: lishi@mail.utexas.edu. temperature, 2, 15 suggesting that boundary scattering effects could also play a significant role on the three transport properties entering into the ZT expression. While diffuse phononsurface scattering has been found to suppress the thermal conductivity in several NW systems, [16] [17] [18] measurement results of thermal conductivity of Bi NWs have not been reported. Moreover, while the reduction in thermal conductivity due to phonon boundary scattering in nanostructured semiconductors has been under active investigation in an effort to increase the ZT, there have been few studies of the classical size effects on the electronic contributions to the thermal conductivity of a nanostructure such as Bi NWs where the electronic contribution plays an important role.
In this work, we report the measurement of the thermal conductivity of individual Bi NWs, and examine the crystal structure-thermal conductivity relationship. In addition, transport models are used to analyze the effects of size confinement, grain boundaries, defects, and impurities on the contributions of phonons, electrons, holes, and bipolar diffusion to thermal conductivity of the measured Bi NWs.
II. SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURES
Bismuth NWs were synthesized using the vapor deposition method reported by Heremans et al. 15 Anodic alumina membranes ͑AAMs͒ of tunable pore diameters either obtained commercially or grown via the two-step anodization method 19, 20 were used as templates for the NW synthesis. After Bi deposition, the impregnated AAMs were dissolved in a solution of 2M sodium hydroxide for 30 min, followed by repeated dilution with de-ionized ͑DI͒ water until the pH of the solution was neutral. The DI water was then replaced with isopropyl alcohol three times to produce a fluidic suspension of individual Bi NWs suitable for drop casting onto the thermal measurement devices.
The suspended microdevice shown in Fig. 1͑a͒ was used to measure the thermal conductance of individual Bi NWs bridging the two silicon nitride ͑SiN X ͒ membranes that are suspended by six SiN X beams over a through-substrate hole. Two platinum ͑Pt͒ electrodes and a serpentine Pt resistance thermometer are patterned on each membrane. The throughsubstrate hole beneath the suspended membranes allows for transmission electron microscopy ͑TEM͒ characterization to be performed on the same NW used for thermal measurements. This allows for correlation of the measured thermal properties with the crystal quality and the growth direction of the NW sample. Detailed information on the NW crystal structure is especially important given the highly anisotropic nature of bulk Bi. In air, Bi NWs form a highly stable surface oxide layer that makes it challenging to make Ohmic electrical contact. 21, 22 Focused electron beam or focused ion beam deposition of platinum and nickel contacts ͓Fig. 1͑c͔͒ were used to improve the thermal contact between the NW and the prepatterned Pt electrodes on the membrane but did not result in electrical contact.
Thermal conductance measurements of the NW samples were performed in a vacuum-pumped cryostat according to the procedure described previously. 23 In addition, a thermal conductance measurement of a blank device without a NW trapped between the two membranes was also performed. The obtained background signal measured on the blank device was attributed to heating of the substrate that has a finite spreading thermal resistance, residual gas molecules in the evacuated cryostat, and radiation. The corresponding background thermal conductance was subtracted from the measured thermal conductance of the NW samples at each corresponding temperature. For all the Bi NWs reported in this work, the background conductance was found to be at least about one order of magnitude smaller than the measured sample thermal conductance, as shown in the supplemental materials. 24 Upon completion of the thermal conductance measurement, TEM was used to characterize the crystal structure of samples NW2, NW3, and NW6 shown in Table I . The other three NW samples were inadvertently broken at the membrane edge when the sample was removed from the ceramic chip carrier before it could be loaded in the TEM for structure characterization. The total outer diameter and the oxide shell thickness of the Bi NW were determined by TEM measurement.
As summarized in Table I , the high resolution TEM images and electron diffraction pattern of NW3 on the suspended device ͓Fig. 2͑a͔͒ indicate that this Bi NW was single crystalline within the ϳ2 m beam spot. The growth direction of NW3 was determined to be along the ͗120͘ crystal direction perpendicular to the trigonal axis, while NW2 and NW6 were found to be polycrystalline. Energy-dispersive x-ray spectroscopy performed on the suspended samples revealed no impurities present at detectible levels. 24 
III. MEASUREMENT RESULTS
The thermal conductivity was calculated from the measured total thermal conductance G total of the sample, which includes the contact thermal resistance, using the length and diameter of the suspended NW section as measured by either TEM or scanning electron microscopy ͑SEM͒. Specifically, = G total L / A c where L is the length of the suspended NW segment and A c is the cross sectional area calculated using the NW diameter. If the total outer NW diameter is used to define the cross sectional area, the obtained thermal conductivity would include the contribution from the oxide shell and would not be the same as that of the Bi core. This effective thermal conductivity of the individual bismuth nanowires including both the Bi core and the oxide shell is shown in the supplemental materials. 24 The thermal conductivity of amorphous bismuth oxide has not been extensively studied. We have used Slack's minimum thermal conductivity model 25 to estimate the thermal conductivity of the amorphous oxide shell. This gives a nearly constant value of 0.34 W/m K in the measured temperature range of between 100 and 475 K. This calculated oxide thermal conductivity was used along with the oxide shell thickness values given in Table I to calculate the thermal conductance of the oxide shell for each sample. For the three samples without TEM data, an oxide thickness of 10 nm was assumed. The resulting oxide thermal conductance was then subtracted from the measured thermal conductance. The obtained thermal conductance was used to calculate the thermal conductivity of the Bi core based on the core diameter. The difference between the oxide corrected and uncorrected thermal conductivity is in the range of 9%-14% for the measured NWs.
The measured thermal conductivity of the Bi NW core for each sample is shown in Fig. 3 along with values for bulk Bi parallel and perpendicular to the trigonal axis. The largest diameter sample, NW1 of 283 nm diameter, had the highest thermal conductivity of all samples but still below that of bulk Bi. NW3 with 232 nm diameter had a slightly smaller but still comparable thermal conductivity to NW1 in the same temperature range. However, the temperature dependence for NW3 is very weak and gives rise to much lower thermal conductivity compared to bulk at low temperatures. NW2 with 255 nm diameter and a polycrystalline structure was found to have a much lower thermal conductivity than NW3 of a single-crystal structure. For other samples with diameter below ϳ150 nm, the obtained thermal conductivity values were much smaller than bulk and showed no apparent diameter dependence.
IV. ANALYSIS
In order to understand the measured NW thermal conductivity values, the separate contributions from each heat carrier to the total thermal conductivity must be considered. For bulk Bi, it has been shown that phonons are the dominant heat carrier at low temperatures but that the electronic component ͑ E = e + h + eh ͒ becomes progressively more important as temperature increases. 26 At the Debye temperature of 120 K, about one third of the is attributable to E . 26 Similarly, Gallo et al. 1 showed the growing importance of electronic thermal transport with increasing temperature, with E accounting for about 70% of at 300 K perpendicular to the trigonal direction and the remaining 30% belonging to ph .
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To evaluate the relative contributions of the various heat carriers in the NWs and gain insight into the possible mechanisms involved in the observed thermal conductivity reduction, we have developed a model that considers thermal transport by phonons, charge carriers, and bipolar diffusion. We first model thermal transport in bulk Bi, then include additional boundary scattering and impurity/defect scattering processes for transport in the NW in order to account for the suppressed thermal conductivity.
The bulk electronic thermal transport model essentially follows the method used by Gallo et al. 1 to analyze bulk Bi but with more modern information regarding band parameters 1,3,5,27,28 and carrier mobilities, 29 as described in detail in the supplemental materials. 24 We restrict our model to those temperatures for which there is bulk mobility data available, specifically in the range of 77-300 K. 29 The bulk lattice thermal conductivity is calculated using the modified Callaway method developed by Morelli et al., 30 hereafter referred to as the MHS model. The calculated values for bulk total thermal conductivity as well as the constituent thermal conductivities of phonons, electrons, holes, and bipolar diffusion are shown in Fig. 4 along with the experimental data of Gallo et al.
1 for bulk Bi.
After calibrating the bulk electronic and lattice thermal conductivity models with the reported bulk thermal conductivity, the lattice thermal conductivity of the NW, ph,NW , is calculated using the MHS model. The bulk phonon dispersion relation 31, 32 was used in the model because recent results have suggested that the sound velocity of acoustic phonons in 200 nm Bi NWs is similar to that found in bulk polycrystalline Bi. 33 The boundary scattering mean free time ph,B for a given phonon mode in a NW is obtained as ph,B −1 = v / l ph,B , where l ph,B is the phonon boundary scattering mean free path and v is the phonon velocity for either the longitudinal or transverse phonon mode as given by the dispersion relation. 30 For a NW of diameter d, the value of l ph,B is given by 34, 35 l ph,B = 1
where p ph is the phonon-surface specularity parameter that represents the probability of specular scattering; specifically, a value of 1 corresponds to completely specular reflection, 0 indicates completely diffuse scattering, and values in between describe partially diffuse, partially specular scattering.
34 Figure 5 shows the calculated lattice thermal conductivity of a single-crystal Bi NW with the same growth direction and core diameter as NW3 for the two limiting cases of p ph = 0 and p ph = 1. The calculated lattice thermal conductivity for the diffuse surface case is not drastically lower than the specular surface scattering case, suggesting that the NW core diameter of 219 nm is not small enough to cause much suppression of the bulk phonon mean free path, which we calculate to be ϳ150 nm at 300 K based on the empirical relation reported by White and Woods. 36 We note that the measured total thermal conductivity of the NW is a factor of 3 lower than the lattice thermal conductivity in bulk Bi at 100 K. In addition, the measured total thermal conductivity is lower than the calculated lattice thermal conductivity for the diffuse case at temperatures lower than 225 K. This apparent discrepancy suggests that the observed reduction in the thermal conductivity cannot be attributed to diffuse phonon-surface scattering alone, and can have other origins. 
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We first consider contact thermal resistance as one possible reason for the measured thermal conductivity being lower than the calculated lattice thermal conductivity. Because electrical contact was not made to the NW, we could not employ a four-probe thermoelectric measurement method 37, 38 developed recently to measure the contact resistance directly. For CrSi 2 NWs with Pt-C deposited at the contacts in a similar fashion as the current work and Bi 2 Te 3 NWs without Pt-C deposited at the contacts, the contact thermal resistance was found to be less than 10% of the measured total resistance. For Bi NW3, we calculate the contact thermal resistance according to a method reported recently, 39, 40 which is described in the supplemental materials. 24 The calculation result suggests that the contact thermal resistance is below 2% of the measured thermal resistance. Hence, the observed thermal conductivity suppression cannot be explained by the contact resistance alone.
Next, we consider the presence of a higher concentration of point defects or nonisotope impurity scattering in the NW than in the bulk. These two scattering process are not considered in the MHS model. 30 Although NW3 was found to be single crystal based on the diffraction pattern taken with a 2 m size electron beam, it could contain more impurities and point defects than bulk Bi crystal because of the synthesis process and conditions. Because graphite and residual air molecules were present in the vacuum-pumped growth apparatus, it is possible that the NW contains much higher carbon ͑C͒ or oxygen ͑O͒ impurities than bulk bismuth crystals. For the lattice thermal conductivity, the effects of point defect and nonisotope impurity scattering is accounted for by including an expression from the original Callaway model, 41 which gives the phonon mean free scattering time due to impurities, i,ph , as i,ph −1 = A 4 with being the phonon frequency and A an adjustable parameter. 30 With these modifications, the calculated lattice thermal conductivity becomes smaller than the measured thermal conductivity at 100 K when A is larger than 1.3ϫ 10 −41 s 3 . We next investigate the impurity or defect concentration c that could result in the obtained A values. For simplicity, we examine the case of substitutional impurity doping and take into account impurity scattering due to size differenceinduced local strain fields and mass difference between the impurity and the Bi atoms, which leads to 41, 42 
where V is the volume per Bi atom, ␥ is the Grüneisen parameter, v avg is the phonon velocity averaged between the three branches, M is the average mass of a Bi atom, R is the atomic radii of a Bi atom, M imp is the average mass of the impurity atom, and R imp is the atomic radii of the impurity atom. For impurities with small masses and sizes such as C, O, or copper ͑Cu͒, impurity concentrations in the 2.8ϫ 10 19 to 2.0ϫ 10 20 cm −3 range correspond to A = 1.3ϫ 10 −41 s 3 . If the impurities are mainly heavy atoms such as lead ͑Pb͒ where the mass and size differences from Bi are very small, a much higher concentration is needed to yield A = 1.3 ϫ 10 −41 s 3 . We note that the obtained impurity concentrations are expected to be an upper bound to the actual case because no change in elastic constants between the impurity and the Bi host is accounted for. In addition, interstitial or void point defects can be more effective in scattering phonons and could lead to the same A value at a lower concentration than substitutional impurities.
Based on the calculated ph,NW curves and the measurement data for NW3, we evaluate the upper and lower bounds on the NW electronic thermal conductivity, E,NW ,. We consider first the upper bound on the electronic thermal conductivity; this occurs where the lattice contribution is negligible such that the thermal transport is entirely electronic, i.e., NW = E,NW . By examining Fig. 4 , it can be seen that the bulk electronic thermal conductivity E is about three times higher than the measured total thermal conductivity of NW3. Thus, thermal transport by charge carriers in NW3 has been suppressed with the electronic thermal conductivity being reduced by at least a factor of 3. We then consider the case of the largest possible lattice thermal conductivity in NW 3 such that NW = ph,NW at 100 K. This situation is depicted as the curve in Fig. 5 for diffuse surface scattering and A = 1.3 ϫ 10 −41 s 3 , which gives a lower bound on the NW electronic thermal conductivity corresponding to the upper bound on the NW lattice thermal conductivity. Subtracting the calculated lattice thermal conductivity from the measured data gives a room temperature value of E,NW = 1.89 W / m K, four times smaller than the bulk E . Thus, we conclude that the electronic thermal conductivity of the NW is three to four times smaller than found in bulk Bi in the same crystal direction.
We next investigate the origins of the suppressed electronic thermal conductivity. If the carrier concentrations and the electron-hole mobility ratio are the same in the NW as in bulk crystals, the suppressed electronic thermal conductivity corresponds to a 3-4 fold decrease in the electron and hole mobilities. The mobility of electrons and holes within the NW can be calculated using Matthieson's rule according to FIG. 5 . Comparison of the measured thermal conductivity of NW3 with the calculated lattice thermal conductivity for specular ͑dark solid line͒ and diffuse ͑other lines͒ surface scattering. Unless noted in the figure, the impurity scattering parameter A =0.
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Moore where m e ‫ء‬ and m h ‫ء‬ are the electron and hole conduction effective masses, v eF and v hF are the electron and hole Fermi velocities, and l eB and l hB are the adjustable electron and hole boundary scattering mean free paths, respectively. If all of the mobility reduction is the result of boundary scattering in the NW, the observed 3-4-fold decrease in mobilities in NW3 compared to the bulk requires l eB ϳ 135-200 nm and l hB ϳ 195-295 nm, both of which are close to the diffuse surface limit given by the NW core diameter of 219 nm.
However, we need to take into account a possibly higher impurity scattering rate ͑ i,eh −1 ͒ of electrons and hole in the NW because of a likely higher ionized impurity concentration ͑N i ͒. The mean free scattering time due to ionized impurities, i,eh −1 , is given by the Brooks-Herring formula as 
where is the dielectric constant of Bi ͑taken to be 99.6 0 from Ref. 43͒, Z is the valence difference between the impurity atom and Bi, m e ‫ء‬ and m h ‫ء‬ are the electron and hole conduction effective masses, respectively, and q is the screening radius ͑taken to be ϳ35 nm from Refs. 44-46͒.
Taking into account both surface scattering and impurity scattering of electrons, holes, and phonons, we calculate the NW values of E , ph , and for the case that the impurity doping is either fully ionized, substitutional O or C atoms. We assume that phonon scattering by the NW surface is diffuse because the surface roughness on the NW is comparable to or larger than the dominant phonon wavelength on the order of 1 nm in the temperature range. On the other hand, the de Broglie wavelength of 5-50 nm for the charge carriers can be larger than the dominant phonon wavelength or the surface roughness because of the small effective mass in Bi along certain crystallographic directions. Hence, we have used the same specularity parameter ͑p eh ͒ for electrons and holes as an adjustable parameter with the impurity concentration as an adjustable parameter. The Fermi level E F was adjusted in the model according to the impurity concentration. The two fitting parameters ͑c and p eh ͒ are adjusted until the calculated fits with the measured of NW3. Based on the assumption of a given impurity type and diffuse phononsurface scattering, there is little ambiguity in regards to fitting the measurement results at different temperatures. The lattice component of the thermal conductivity dominates at low temperatures, so the impurity concentration c is effectively set by matching the data points at temperatures near 100 K. The electronic part mainly determines the trend close to 300 K, so the charge carrier specularity parameter is adjusted to best match those data points. Further details of this calculation can be found in the supplemental materials. 24 The obtained calculation results shown in Fig. 3 are for both C and O with N i = c = 2.8ϫ 10 19 cm −3 , p ph = 0 for diffuse phonon scattering and p eh = 0.25 for partially diffuse scattering of electrons and holes. Because the two impurity types we consider ͑O and C͒ are similar in size and mass, the data may be acceptably fit with almost the exact same values c and p eh . If the dominant impurity atoms are very different in size and mass from C and O, other values of c and p eh would be obtained. In addition, if the difference in elastic constants between Bi and the impurity atom were accounted for in the phonon-impurity scattering analysis, the value of c would be smaller and the specularity parameter for charge carriers would be reduced in order to fit the same data set. Despite the uncertainty in the impurity type and the inaccuracy in the phonon-impurity scattering model, the calculation shows that a combination of surface scattering of phonons and charge carriers and an impurity concentration on the order of 10 19 cm −3 is sufficient to cause the observed reduced of the single-crystal NW3.
For the case of polycrystalline NWs, the boundary scattering mean free paths for phonons and charge carriers can be smaller than the NW diameter due to the presence of grain boundaries. For NW2, NW4, and NW6, the measured thermal conductivity values can be fit using phonon boundary scattering mean free paths of 15-40 nm and charge carrierboundary scattering mean free paths of 25-40 nm ͑Fig. 3͒ using the same impurity concentration found above from NW3. In comparison, a phonon mean free path of 11.8 nm was estimated for nanoporous Bi thin films based on measurements of the cross-plane thermal conductivities in the range of 0.08-0.8 W/m K. 47 Moreover, the comparable thermal conductivity values measured for the polycrystalline NW samples of varying diameters illustrate that grain boundary scattering dominates over surface scattering in the NWs. Hence, the measurement results suggest that the thermal conductivity can be suppressed more effectively by grain boundary scattering than surface scattering. In fact, effective pho-non scattering at grain boundaries has recently been employed as a means of increasing ZT in nanocomposite bulk thermoelectric materials.
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V. CONCLUSION
This measurement shows that the thermal conductivity of a single crystal and several polycrystalline Bi NWs are suppressed below those of bulk Bi single crystal. The total thermal conductivity of the single-crystal NW of 232 nm diameter is suppressed from the bulk value in the same direction perpendicular to the trigonal axis by factors of 3-6 over the temperature range of 100-300 K. The electronic thermal conductivity of this NW is found to be suppressed to three to four times smaller than that calculated for bulk Bi. The suppression in the single-crystal NW can be explained by a transport model that considers diffuse phonon-surface scattering, partially diffuse surface scattering of electrons and holes, and scattering of phonons and charge carriers by ionized impurities such as O and C with a concentration on the order of 10 19 cm −3 . The thermal conductivity values measured for polycrystalline NW samples of varying diameter between 74 and 255 nm are 3-13 times lower than that found for the single-crystal NW, and do not show apparent diameter dependence. The grain boundary scattering mean free path for all heat carriers are determined to be in the range of 15-40 nm in the polycrystalline NWs, suggesting that grain boundary scattering dominates over surface scattering for these NWs.
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